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Abstract 
Electrodischarge machining in gaseous media is one of the fastest growing branches among institutions involved in the research and 
development of EDM as green manufacturing process. The paper presents results of the studies in the area of dry electrodischarge 
machining. There are presented performance characteristics of the process, using various gases and their mixtures as dielectric 
medium. The main comparison coefficients are tool wear ratio, material removal rate and machining accuracy / quality. Important 
aspect of dry EDM milling is also the way that gas is supplied to the interelectrode gap. The paper covers comparison, and 
influence on machining performance, of gas supply method: through electrode and from outside of the electrode. Influence of gas 
pressure, flow rate and rotational speed of the electrode are also discussed  resulting in finding optimal conditions for machining, 
depending on the optimization criteria. 
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1. Introduction 
Since its development in the first half of XXth  
century, electrical discharge machining (EDM) is being 
investigated and developed in various aspects. Research 
works conducted in the centers all over the world are 
aimed at improvement of process efficiency and quality 
of the machined area. Recently, important factors are 
also demands on creating machining methods suitable 
for micromachining processes, which are also not 
harmful for environment. Effective way of reduction of 
hazardous effects on environment is elimination of 
liquids used as working media or coolants during 
machining processes [1]. 
Considering the benefits of dry machining processes, 
presented in the Figure 1, companies and research 
centres involved in development of electrodischarge 
machining are aiming towards reduction of amount of 
organic based dielectric fluids, by exchanging them with 
pure water or low concentration water solutions [2].  
1.1. EDM Milling 
One of the EDM machining methods, that are being 
 
Fig. 1. DEDM benefits [3]. 
rapidly developed is the electrical discharge machining 
using rotary electrode tool  REDM. It is especially 
applicable to machining precise elements made of 
difficult to cut materials, like super-alloys or hardened 
steels. During REDM machining, universal, cylindrical, 
rotating electrode tool is used with active face surface of 
the electrode (Fig. 2a) or side surface (Fig. 2b).  
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a  b 
Fig. 2. Rotary EDM with electrode tool face (a) and electrode side 
surface (b). 
In case of machining process shown in Fig. 2a, material 
is removed layer by layer (Fig. 3), like during the 
conventional milling operation, where instead of mill 
and cutting process, material is removed by discharges 
between moving electrode and machined material  
EDM milling. 
 
Fig. 3. EDM milling. 
Although EDM milling process has many advantages, 
comparing to standard EDM sinking, it brings similar 
difficulties during machining process planning. The 
main concern for EDM milling process is prediction of 
the electrode wear during machining, which influences 
significantly the accuracy of machined element and time 
necessary for preparation of machining process and 
machining itself. Depending on the thickness of removed 
material layer, it is necessary to take into account the 
wear of the electrode on electrode side (Fig. 4a) or plan 
process to allow only wear on the face of the electrode 
(Fig. 4b)  Uniform Wear Method [4  7]. 
 
a 
b 
Fig. 4. Electrode wear during EDM milling process (a), EDM milling 
with Uniform Wear Method. 
Proper prediction of the electrode wear during 
machining of complex cavities / elements, influencing 
the accuracy of machining, needs running experiments 
for each material of electrode and workpiece and process 
parameters, what raises costs of machining.  
2. Dry EDM (DEDM) milling 
As it was mentioned before (Fig. 1), in case of 
electrical discharge machining process conducted with 
gaseous dielectric, the dielectric supply system is 
significantly simplified, comparing to that used in 
standard EDM process. During DEDM milling process, 
dielectric (compressed gas) is supplied through the pipe 
electrode to the interelectrode gap  Fig.5 [3,8,9]. 
 
 
Fig. 5. Dry EDM  general scheme . 
2.1. Experiments setup 
Investigations of dry EDM milling process were 
carried out at the Institute of Advanced Manufacturing 
Technology (IAMT). Test stand was built on the basis of 
CNC 3 axes EDM machine of IAMT design  MEDIOS 
30CNC. Machine was equipped with the rotating head 
enabling continuously adjustable rotation of the 
electrode from 100 to 5000rpm. In order to control the 
composition of gas mixture supplied to the interelectrode 
gap, gas supply system was equipped with two gas flow 
controllers from MW Electronics. Gas system enabled 
also control of the pressure of supplied gas. Control of 
the gas mixture composition and volumetric flow was 
supervised by PLC controller. Complete system was also 
equipped with oscilloscope and PC  to record voltage 
and current runs.  
 
Fig. 6. DEDM milling test stand: scheme  
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  b 
Fig. 7. DEDM milling test stand:  test stand (b). 
During experiments 2-channel copper electrodes were 
used. The outer diameter of the electrodes was 1 mm. 
and outer wall was 0.3 mm. So, in case of tests run at 
IAMT, thick walled electrodes were used.  
As dielectric, compressed air, argon (Ar), nitrogen (N2), 
sulfur hexafluoride (SF6) and their mixtures were used  
Table 1.  
Table 1. Selected properties of used gases [10] 
Gas  Density (20°C; 0.1 
MPa) [g/dm3] 
Dielectric strength (0°C; 
0.1 MPa, d=1cm) [kV/cm] 
Air 1,205 32 
N2 1,165 33 
Ar 1,661 6,5 
SF6 6,14 80 
 
Workpieces were made of Inconel 617 and hardened 
(55-60 HRC) tool steel (NC6  1.2063). In order to 
avoid electrode wear during drilling process, during 
conducted experiments, only EDM milling was 
performed  Fig 7.  
a    b 
Fig. 8. Workpiece: scheme (a) after machining (b). 
Experiments were performed in order to derive 
characteristics of Material Removal Rate (MRR), 
surface roughness (Ra) and electrode tool wear (EW), 
dependant from process parameters (electrode tool 
rotations, gas flow and composition of gas mixture). 
Basing on the results of initial experiments, parameters 
of EDM power supplier and controller were set as 
follows: interelectrode voltage  160V, reference voltage 
(used for process controller)  50V, pulse ON/OFF time 
  
2.2. Results of machining in pure gases 
Experiments were conducted according to the derived 
plan (DOE). Investigations and tests were performed 
according to five level rotatability plan PS/DS- . The 
following input factors and their variation ranges were 
separated :  
 electrode tool rotation speed: 1000  5000rpm; 
 flow rate of gas through the electrode: 5  17 l/min. 
Although air is the mixture of gases, for the need of 
performed analysis it was treated as pure gas. 
Results of the experiments are presented in the figures 
below. 
a 
b 
Fig. 9. Surface roughness (a) and Material Removal Rate (b) vs 
electrode tool rotation  hardened tool steel, constant gas flow rate 13 
l/min 
a 
b 
Fig. 10. Surface roughness (a) and Material Removal Rate (b) vs 
electrode tool rotation  INCONEL 617, constant gas flow rate 13 
l/min 
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Results presented in figures 8 and 9 prove the high 
importance of dielectric medium, type of gas, for the 
performance of EDM milling process. There is observed 
the positive influence of electrode tool rotation on the 
machining efficiency for machining in SF6 and air. 
Although the MRR increases significantly (especially in 
case of hardened steel), the surface roughness is not 
influenced. EDM milling process run with nitrogen or 
argon did not perform well. Machining efficiency was 
not satisfactory (almost 8 times lower than in case of 
process run with other gases). Also surface after 
machining was significantly worse comparing to 
processes run with SF6 or air. It results from the fact that 
during processes run in nitrogen or argon, short circuits 
were happening very often and gap controller withdrew 
electrode from the machining area. On the surface of 
machined material are visible traces of electrode, what 
influences the surface roughness parameter  Fig. 10. 
 
Fig. 11. Surface of machined grove in NC6 steel with nitrogen as 
dielectric, constant gas flow rate 13 l/min, electrode rotation: 3000rpm. 
a 
b 
Fig. 12. Surface roughness (a) and Material Removal Rate (b) vs 
electrode tool rotation  hardened tool steel, constant electrode tool 
rotations: 3000 rpm 
According to the results of experiments, also flow rate of 
gas supplied to the interelectrode gap does not influence 
the performance of DEDM milling process  Fig. 11 
(similar results were achieved for INCONEL 617).  
Important factor characterizing the machining method 
and influencing the accuracy of machining process is 
(electrode) tool wear. Electrode tool wear was estimated 
according to the measurements of: 
- weight of the electrode before and after machining 
process (accuracy: ±0,001g); 
- length of the electrode after machining  using 
(accuracy: ±1  
- microscopic geometry of electrode tool tip (accuracy: 
±1  
As the tool wear measured after DEDM milling process 
when machining with air or SF6 was within the 
measurement error of each of used methods, it is 
assumed to be neglected (0). When nitrogen or argon 
was applied, the wear of electrode (length) was 
significant  Fig. 12 (mean for various parameters with 
steel and 3,06 and 6,18 for INCONEL when machining 
in N2 and Ar respectively). Due to relatively high 
electrode length wear ratio, wear on the diameter was 
not observed.  
 
Fig. 13. Electrode tool wear on the length during machining in various 
gases. 
As the experiments were conducted according to the 
plan of experiment, it was possible to derive statistical 
functions describing the interdependencies between 
basic process characteristics and process parameters.  
Equation 1 and Fig.13 describe the Electrode wear as the 
function of electrode tool rotations and gas flow rate of 
Argon in the interelectrode gap during DEDM milling of 
INCONEL workpiece. 
EW(ne, Vg) = 38,838  (2,828*(ne-3000)/4000)*5,5*10-3 
 (2,828*(Vg-4,5)/5) * 4,0593 + (2,828*(ne-3000)/4000)* 
(2,828*(Vg-4,5)/5)*7*10-4 - (2,828*(Vg-4,5)/5)2 * 6,68*10-1 
(1) 
 
Fig. 14. Material Removal Rate vs electrode tool rotation and gas flow 
in the interelectrode gap, workpiece material  INCONEL 617. 
electrode traces 
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Almost negligible electrode wear, when machining was 
performed in air or sulfur hexafluoride results from the 
fact, that during machining process particles of molten 
material attach to the electrode, creating thin layer on its 
surface, which prevent electrode from being worn 
Table 2 and Fig. 14.  
Table 2. Chemical composition of electrode surface after DEDM 
milling process (NC6 tool steel),constant gas flow rate 13 l/min, 
electrode rotation: 5000rpm. 
Gas  Si      Cu          Fe         O       Zn     Cl      Mg       C 
(before 
machining) 
0,1    99,9 
Air ---     45,03   25,22   9,26     0,64    0,45    ---      --- 
SF6 ---    57,12      ---      20,92   3,33    1,38   1,51    15,74 
 a     b  
Fig. 15. Electrode tool face after DEDM milling of NC6 steel with air 
(a) and SF6, constant gas flow rate 13 l/min, electrode rotation: 
5000rpm. 
2.3. Results of machining in mixtures of gases 
Comparing to the investigations of DEDM milling 
process in pure gases, in case of experiments with 
mixtures of gases, in the DOE there was considered one 
additional factor: 
 concentration of SF6 in the gas mixture : 20  80%. 
a 
b 
Fig. 16. Surface roughness (a) and Material Removal Rate (b) vs 
concentration of SF6 in the gas mixture  hardened tool steel, constant 
electrode tool rotations: 3000 rpm and gas flow rate: 13 l/min. 
a 
b 
Fig. 17. Surface roughness (a) and Material Removal Rate (b) vs 
concentration of SF6 in the gas mixture  INCONEL, constant 
electrode tool rotations: 3000 rpm and gas flow rate: 13 l/min. 
Sulfur hexafluoride, commonly used in the high voltage 
switching equipment, performed well as the dielectric in 
case when machining was conducted in pure gas. It is 
also effective component when machining with mixture 
of dielectrics / gases, especially when mixed with 
nitrogen or argon. Presence (20% and more) of sulfur 
hexafluoride significantly improved the surface quality 
and material removal rate (Fig. 15 16).  
Although machining results of DEDM milling in pure air 
give good results (high MRR and relatively low Ra), 
machining in mixture of air and SF6 brought slight 
improvement. The most important aspect in this case, 
concerns the chemical composition of surfaces after 
machining process. Comparing to machining in pure air, 
amount of oxide / oxides was significantly reduced  
Table 3.  
Table 3. Chemical composition of machined surface after DEDM 
milling process (INCONEL) 
Gas  Al       Ti     Cr        Fe     Co      Ni        Mo       O          C 
(before 
machining) 
1,15   0,3   22,29   1,4    11,5     52,31   11,05 
Air 1,63   --    21,17   1,52   10,81   49,05   7,03   4,05    4,44 
Air/SF6 
(50%) 
1,2    0,2   20,14   1,63  10,81   50,34   6,79    ----      5,8 
F  2,16,   S - -,25 
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3. Summary 
The EDM milling process conducted in air and sulfur 
hexafluoride is very effective method of machining. It is 
especially suitable for micromachining of complex 
cavities and shapes. Due to the negligible tool wear ratio 
it is more precise than EDM milling in kerosene (Fig. 
16), what is important aspect in case of machining in 
micro-scale. Comparative tests of machining in gaseous 
dielectrics (gas flow rate 13 l/min) and kerosene 
(workpiece submerged + forced side flow, no through 
electrode flow) were performed for the following 
parameters:  
- free run voltage  160V,  
- reference voltage (used for process controller)  50V, 
- pulse ON/OFF time   
- peak current  1A, 
- electrode rotation  5000rpm. 
 
Fig. 18. Comparison of tool wear during DEDM milling in various 
dielectrics. 
 
 
Fig. 19. Molten material attached to the side surface of machined 
grove. 
As the tool wear is negligible, process of preparing 
tool paths is much easier in this kind of EDM 
machining. Dry EDM milling might be especially useful, 
when machining with 5 degrees of freedom machines. In 
this case, the face of the electrode may be always 
perpendicular to the machining surface  what results in 
the high quality surface after machining and high 
efficiency of the machining process. 
Although, presented machining method has many 
advantages, due to slower cooling of molten material 
particles it brings significant problem of particles 
attaching area in the neighbourhood of machining area  
Fig. 17. This particles cause damages to the side surface 
of machined element, as they are difficult to get rid off. 
An additional gas nozzle, from the side of electrode 
helps in avoiding this, undesired process. The other 
solution may be, addition of suction nozzle. 
The DEDM milling with compressed gases is also not 
harmful for the system operators. There were performed 
measurements of acoustic emission during machining 
process, according to the EU machinery directive: UE 
2006/42/WE, proving that the main sources of noise 
during process are drives and machine systems 
independent from the compressed gas flow through the 
electrode. 
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